ABSTRACT: Bromeliads serve as a key environmental resource for Aedes albopictus (Skuse) in some peridomestic landscapes and are not addressed through conventional source reduction. As an alternative, three handheld sprayers were evaluated in point-source applications of permethrin to bromeliads in Saint Augustine, FL. Each machine was screened for its utility in point-source harborage treatments, while we simultaneously evaluated bromeliad-focused treatments for reducing Ae. albopictus egg abundance in bromeliad plants. Semi-field tests against caged Ae. albopictus produced 100% mortality at 24 h with each sprayer. Three field sites were assigned to each machine and a control, and bromeliad residual applications of Aqualuer 20-20 ® were assessed through egg surveillance using ovitraps both within and beyond 30 m of the treated bromeliad harborage. The treatment decreased Ae. albopictus egg abundance across the field sites for three weeks post-treatment with no significant differences among the equipment. Functional differences among machines, such as automated pressure control or leak guards on the nozzle, depend on the accessories that offer the greatest logistical benefit to the user. The field results suggest bromeliads are a viable target for harborage treatments. Selective treatments to bromeliads could offer a possible solution to containers that homeowners refuse to eliminate. Journal of Vector Ecology 43 (2): 215-219. 2018.
INTRODUCTION
Aedes albopictus (Skuse) is a potential urban vector of dengue, chikungunya, and Zika viruses (Derraik and Slaney 2015, Wilson and Chen 2015) . Container-inhabiting mosquitoes such as Ae. albopictus have opportunistic feeding patterns that are not restricted to crepuscular or evening times and invade containers in close association with humans (Skiff and Yee 2014, Chandel et al. 2016) . Source reduction programs are effective in targeting these container-inhabiting mosquitoes when carried out comprehensively (CDC 2016 , Unlu et al. 2014 ), but such programs can become operationally costly and difficult to sustain, particularly when oviposition sites are cryptic and difficult to accurately survey (Unlu et al. 2013, Faraji and . Combining source reduction with direct control methods, such as larviciding with residual control and adulticide treatments, can help mitigate costs by reducing labor requirements (Abramides et al. 2011 .
Aedes albopictus and other mosquitoes require harborage to protect them from harsh daytime conditions, which has been exploited with vegetative and foliage treatments using residual applications (Li et al. 2010 , Unlu et al. 2017 . Targeting foliage as a primary means of adult mosquito control has since been reinforced in densely vegetated suburban and rural landscapes in Queensland, Australia (Muzari et al. 2014 ) and echoed in Ae. albopictus eradication programs in the southern Australian islands where foliage treatments were prioritized for preventing the spread of Ae. albopictus (Muzari et al. 2017 ). Previous to this study, however, there has not been an attempt to see if treating bromeliads as a key harborage would result in reduction of mosquitoes in peridomestic environments.
Bromeliads are key vegetative harborages and larval rearing sites, even when competing with peridomestic sources such as tires, pots, and plastic containers (Nordin et al. 2017) . Aedes albopictus have also been found to consistently proliferate in bromeliad larval sites throughout the year in warm environments (Xue et al. 2018 ) and typically outcompete Ae. aegypti (L.) and native species in urbanized environments (Ceretti et al. 2016 , Docile et al. 2017 . Pointsource bromeliad treatment could provide similar benefits as foliar treatments while reducing the coverage needed to exert control on the peridomestic mosquito population. Also, the evaluation of application tools is a critical demand among mosquito control professionals (Conover et al. 2015) and is an ongoing objective for future work. To investigate both needs, three new hand-held pump sprayer models were screened before being used to treat bromeliads to explore hand-application tools for point-source strategies and test the viability of bromeliad-focused management for reducing Ae. albopictus in St. Augustine, FL.
MATERIALS AND METHODS
The first model was the Industrial Primeline B&G Sprayer (N-100, B&G Equipment Company, Jackson, GA). This was a 3.8 liter capacity unit with stainless steel and brass parts, an operating pressure of 138-345 kPa, and a drip prevention nozzle. The second model was the Proline tm Green Gorilla Sprayer (Vi Series, Green Gorilla, Pittsburgh, PA). This unit had a 5.7 liter capacity and was constructed with acetyl that could withstand an operating pressure of 124-345+ kPa. It was equipped with both a manual hand piston and a battery pack that kept the tank and lines pressurized during use. The last model was the Industrial Green Gorilla Advanced Spray System (Em Series, Green Gorilla, Pittsburgh, PA). This unit also had acetyl construction, but with a 9.5 liter capacity and operating pressure of 110-414+ kPa. As with the previous unit, the tank could be pressurized with the manual hand piston or optionally equipped with a battery pack to automatically pressurize the tank. The selected equipment is depicted in Figure 1 .
Equipment was first assessed using a semi-field assay and a rotating droplet impinger (FLB Model 319, John W. Hock Company, Gainesville, FL) at the AMCD base station (29.9046, -81.413017 ). Mosquitoes used were 1992 Gainesville strain Ae. albopictus from the United States Department of Agriculture, Agricultural Research Service, Center for Medical, Agricultural, and Veterinary Entomology.
Mosquitoes were reared in insectaries maintained at 26.6°± 1° C with 80±0.5% relative humidity and a 10D:14L photoperiod. Twenty non-blood-fed, five-to-seven day old, female Ae. albopictus were then transferred to paper cages consisting of a 13 cm diameter cardstock ring and screened in with fine cloth mesh. Three poles were arranged 5 m apart in a downwind line, each holding one cage of test mosquitoes. The sprayers were fitted with conical spray nozzles and primed to 138 kPa. Treatment with Aqualuer ® 20-20 (20.6% permethrin, 20.6% PBO) was administered at 200 ml/min using a 1:5 dilution while moving at 8 km/hr. These specifications resulted in an approximate output of 7.8 g/ha, which was below the label maximum of 112 g/ha for residual foliar treatment. Applications were done in a fanning motion to simulate treatment around mosquito harborage. Treated cages were then returned to the laboratory, supplied with 10% sucrose solution in a moistened cotton ball, and checked for mortality at 24 h. A cage of control mosquitoes was exposed to the semi-field conditions for 15 min in absence of treatment. Three replicates were conducted for each sprayer. Mortality, spray characteristics, and attributes useful for field operation were noted for each sprayer. The equipment was then deployed in the field for assessment in residential blocks. Twelve sites were selected within a housing subdivision in St. Augustine, FL (29.842500, -81.314747) (Figure 1 ). Each site historically produced Ae. albopictus, contained abundant vegetative harborages for mosquitoes, and housed ornamental bromeliads as part of the containers on the property (Xue et al 2018) . Three sites were assigned to each sprayer and three sites served as untreated controls (Figure 1) . Mosquito surveillance was conducted with four black oviposition cups per study site, each stocked with infusion water and lined with seed germination paper (#6,512,981,311, Anchor Paper Co., Saint Paul, MN, U.S.A.). At each site, two cups were placed within 5 m of the bromeliad harborages and two cups were placed at least 30 m away from the same bromeliads. Papers were collected weekly at each site.
The permethrin adulticide Aqualuer ® 20-20 is labeled for use as a residual spray on vegetation and mosquito harborage. Therefore, after three weeks of pre-treatment surveillance, treatments to 30 m transects were made using Aqualuer ® 20-20 at a 1:9 dilution to treat low lying bromeliad cover amidst containerized habitats at the study sites. Applications occurred at the same specifications as during the semi-field assay. Post-treatment surveillance continued for four weeks after treatment. No retreatment was made during the study. Mean reduction of Ae. albopictus in the field sites was analyzed using a one-way ANOVA and Tukey's HSD test in JMP 13.1.0 (SAS Institute, Inc., Cary, NC).
RESULTS
During semi-field testing, the Industrial Primeline B&G Sprayer, Proline tm Green Gorilla Sprayer, and Industrial Green Gorilla Advanced Spray System all delivered treatment at a rate that resulted in 100% mortality in all repetitions with no mortality in the control group. The B&G Sprayer dispensed droplets with VMD of 30.37 µ (18.43 µ ≤ Dv 0.5 ≤ 39.51 µ). The Proline Green Gorilla dispensed droplets similarly, with a VMD of 34.03 µ (22.66 µ ≤ Dv 0.5 ≤ 42.20 µ). In contrast, the Industrial Green Gorilla had a droplet range twice as wide, with a VMD of 31.98 µ (14.81 µ ≤ Dv 0.5 ≤ 101.87 µ). Ergonomically, all three models performed similarly by weight, overhead handles, and sturdiness. However, the B&G Sprayer was differentiated in having a gasket that prevented the product from dripping from the wand, even while the unit was pressurized. In contrast, both Green Gorilla sprayers leaked from the nozzle while holding pressure. For the Green Gorilla models, both units were capable of continuous spraying without stopping to re-pressurize the unit due to the on-board sensor and air pump in the battery pack.
During field trials, there were no statistically significant differences between the egg abundance at treated field sites. In consequence, the nine sites treated with Aqualuer® 20-20 were averaged together and presented alongside the control data in Figure 2 . The average Ae. albopictus egg collection from treatment and control sites during each of the three weeks before treatment was not significantly different. Following bromeliad targeted point-source treatment, the average egg collections during the four weeks of post-treatment surveillance at treated sites were significantly lower than pretreatment (F = 108.3, p < 0.0001, df = 3). Each of week 4, 5, and 6 during post-treatment surveillance was significantly lower than the control (F = 172.8, p < 0.0001, df = 6), with no significant difference between treatment and control at week 7 (Figure 2 ).
DISCUSSION
Our results support that point source, residual applications of adulticides to bromeliads can reduce the relative abundance of Ae. albopictus eggs in peridomestic environments for up to three weeks, indicating it may be a key foci for targeted treatments against Ae. albopictus. This agrees with the findings that highly productive, key-containers can be selectively managed during source reduction to reduce container-inhabiting Aedes mosquitoes (Tun-Lin et al. 2009, Figure 2 . Relative abundance of Aedes albopictus eggs following bromeliad targeted treatment.
Maciel-de-Freitas and Lourenço-de-Oliveira 2011). To that end, understanding which containers can be prioritized for intervention helps streamline treatment and source reduction when managing Ae. albopictus and other container-inhabiting mosquitoes. The need for triaging the most productive larval sources has become apparent in various comprehensive source reduction programs (Bartlett-Healy et al. 2011 , Faraji and Unlu 2016 , but not all productive containers are removable.
During source reduction efforts, the Anastasia Mosquito Control District of St. Johns County (AMCD) encounters many relevant containers and harborages for Ae. albopictus. Bromeliads and landscaping paraphernalia are frequently not considered expendable to source reduction by homeowners. This discrimination of containers has impeded comprehensive source reduction in peridomestic environments infested with Ae. albopictus . Moreover, ornamental bromeliads serve as an opportunistic niche for oviposition, larval rearing, and adult harborage when in containerized environments (Qualls et al. 2013 ) and are frequently encountered as an oviposition site in Florida. In response to this, focalized point source treatments are one potential strategy for dealing with container-inhabiting mosquitoes due to their short flight ranges and tendency to remain near hosts. Although our study focused on bromeliads, any highly productive container could be treated if source elimination is not feasible, such as with plants, fixed stone structures, and objects that the property owner is unwilling to eliminate.
Parallels have been demonstrated with tires, which are highly productive oviposition sites that warrant emphasis in source reduction programs , Nordin et al. 2017 . Point-source application of bifenthrin on tires prevented Ae. notoscriptus larval production in Australia for two-to-three weeks (Nguyen et al. 2009 ). Type II pyrethroids, alpha-cypermethrin and lambda-cyhalothrin, prevented Ae. notoscriptus from breeding in treated tires for 10-20 weeks (Pettit et al. 2010 ). Our results suggested a possible control of three-to-four weeks following a single, dilute application of permethrin, which has a lower concentration of a toxicant than the aforementioned type II pyrethroids. Furthermore, it was not necessary to use a long-lasting vegetative barrier spray to reduce the eggs being distributed across the study sites. Based on the evidence with tire and foliage treatments, the multi-week control of Ae. albopictus we observed is attributable to concurrent larvicidal and adulticidal pressure within bromeliads, which would occur from permethrin killing adult mosquitoes on contact in addition to having residual larval toxicity in the leaf axils that contain small water impoundments.
In summary, the semi-field tests against caged Ae. albopictus produced 100% mortality (24 h) with each machine. Three field sites were assigned to each machine and a control, and bromeliad focused residual applications of dilute, 1:9, Aqualuer 20-20 ® was assessed through changes in egg abundance both within and beyond 30 m of the treated bromeliad harborage. The treatment of bromeliad plants decreased Ae. albopictus oviposition across the field sites for three weeks post-treatment with no significant differences between equipment. The three handheld sprayers are equally capable as additional tools for the peridomestic control of mosquitoes during point-source applications.
